AD=A083 853 NAVAL POSTGRADUATE SCHOOL MONTEREY CA 9/2
A COMPARATIVE STUDY OF A STEAM SURFACE CONDENSER COMPUTER HODEL—ETC(U)

DEC 79 V¥V J LYNCH

END

UNCLASSIFIED




-

2

i

Y
K
B
X
F
3

:
Fi
|
f *

e aita. e e st e 1

THESIS

A COMPARATIVE STUDY OF A STEAM SURFACE
CONDENSER COMPUTER MODEL TO FIELD

TEST DATA

by

Vincent J. Lynch
December 1979

) Paul J. Marto
iEhes:.s. Advisors: Robert H. Nunn

Approved for public release; distribution unlimited

80




I
I

Unclassified

SECUMTY CLASSIFICATION OF THIS PAGE (Whan Deate Entered)

REPORT DOCUMENTATION PAGE P i DG, Pom
T RERERY RO r.. T e T e ey
D-A

0§83 £33
VWSS 0 L e - 8. TYPE OF Il'el? & PEMOD COVERED
43 A Comparative Study of a Steam Surface Master's Zhesis)
Condenser Computer Model to Field Test
Data . - f :

. Ty AUTHON(S) 8. A [-] ANT NuUM e)

Vincent J.]iynch 4‘/

9. PERPORMING ORGANIZATION NAME AND ADORESS 1S, "Ogllﬂ ‘&CI.NT. PROJECT, TASK

Naval Postgraduate School
Monterey, California 93940

1t. CONTROLLING OFFICE NAME AND ADDRESS
Naval Postgraduate School / I " |Deconirowsil 79
Monterey, California 93940

6. PERFOAMING ORG. REPORT NUNBER

67 pages
. MONITORING AGENCY NAME & AODRESS(I! different fram Ceontrelling OtHee) 15. SECURITY CLASS. (of thia rdpert)
Naval Postgraduate School Unclassified

Monterey, Californi
“m—g;'r ASBIFICATION/ DOWNGRAOING
WEOULE

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the sbhatract entaved in Bloek 20, if dittorent fram Repert)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue en roverse slide ] nocoseary and idontity by bleck mmmber)

Marine condenser design, condensers, computerized condenser
design.

\

20. h‘T.ACT (Continue en reverse slide Il necoscary and idontily by bleek manber)

A comparison between a computer model of a steam surface con-
denser and data from a machinery test of a DDG-37 class engineer-
* ing plant is provided. Using ORCONl, a computer code developed by
the Oak Ridge National Laboratory, a comparison between a computer
model and actual data was made in an attempt to verify the code.
The sensitivities of ORCON1l to changes in inputs were explored to
determine the effect of inaccuracies in the data. Results show
that, especially at lower steaming rates, ORCON1l provideg

DD 5%y 1473 coimonor 1uovesiso gl eve nc é‘(
(Page 1) "'L‘“'“'"“' J A{ SECTRITY CLASKIPICATION OF THia PAGE (Whem Bove Bniers)

o d il




M N eaw T e o L

Unclassified
umry € PICATION OF TWIs B agLrYaen Note Bntemd:

20. (Cont'd)

model of the condenser.

A change was made to ORCONl to account for vapor velocity
effects in the condenser. This change improved the correlations
between the code's output and the data. Other changes to the code

are proposed.

Continuing attempts to verify ORCON1l and further study in
improving the code are recommended.

\

%—— — v ——
,J iﬁ?’ 1473 Unclassified
‘-014-6601 2 3ECUMTY CLASHPICATION OF TwIS PAGEhen Dote Snrored)

VSN ST o TR C 5 T AT

NS S e e 1 AR, P SRS s A A




Approved for public release; distribution unlimited

A COMPARATIVE STUDY OF A STEAM SURFACE CONDENSER -
COMPUTER MODEL TO FIELD TEST DATA

by

Vincent J. Lynch
b Lieutenant, United States Navy
B.S., United States Naval Academy, 1972

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN ENGINEERING SCIENCE

r from the

NAVAL POSTGRADUATE SCHOOL
December 1979

Author

Approved by:

Thesis Advisor

v 22

Thesis Advisor

i ~ Chairman, De%ment o%ehanlcal ‘Engineering

%ean o% écieﬁce ana Engineering




e . o

ABSTRACT

A comparison between a computer model of a steam surface
condenser and data from a machinery test of a DDG-37 class
engineering plant is provided. Using ORCON1l, a computer code
developed by the Oak Ridge National Laboratory, a comparison
between a computer model and actual data was made in an attempt
to verify the code. The sensitivities of ORCON1l to changes in
inputs were explored to determine the effect of inaccuracies in
the data. Results show that, especially at lower steaming
rates, ORCON1l provides a fair model of the condenser.

A change was made to ORCONl to account for vapor velocity
effects in the condenser. This change improved the correla-
tions between the code's output and the data. Other changes to
the code are proposed.

Continued attempts to verify ORCON1l and further study in

improving the code are recommended.




B LT

TABLE OF CONTENTS

I. INTRODUCTION== === —— = e e e o e e e e 10

E | ' A. OBJECTIVES~—=m==m=m=mm—mmmm e e e e e e 10
! B. SHORT HISTORY OF CONDENSERS--—----=-eec—cececaa—- 10
C. NAVAL CONDENSERS=========-mm e e e me e 11

D. BASIC DESCRIPTION OF ORCONl--—————ceecoemmceaeen 13

II. ORCONl=—memmcee e e e e e e —————— 14

A. GENERAL OPERATION-===—=-=—mee—me—cccec e e e e ee—— 14

1. Condenser Model~-===-=-cecceccccaocaa- ————— 14

2. Program Operation------——--—---cemce—ccccanaa- 15

a. Subroutine MAIN-=-===-—ec---- - 15

b. Subroutine INPUT------=-—=ecmeccecccacca—x 15

c. Subroutine SECAL-------=-=—m—ececcccacacax 15

d. Subroutine COOLEX---==--=--=——ceceecomco—- 15

e. Subroutine ADJUST===-ee=e-mccmcemcmnccacex 15

f. Subroutine HETTRN-—====-==—-c-—e—cccoaraoa 16

. g. Subroutine OUTPl--------=—cee—cec—cccce—ax 16

] B, INPUTS--—==ccme e mcc e e 17
e 1. Program Control Inputs-----=—=-=-c-c——co—a—ooo 17
a. INSTM--—===——m— = ce e ee 17

b. ITRAN-—-—== == e ee 17

C. OUTPUT-=====m == oo o e e e e 17

- d. IFLOAT-=-——=—cm==—o—m oo cmccme e 18
: €. EXITFR-—==—=—mc———me e e oo 18
2. Condenser-Related Inputs-—-----—c--——accco—-- 18

a. General-=--=---e--c—c—mcccccccccsnoa—coos 18

b. HFCDFL-==—===———=mm— e em e memce e mmeee 18

€. BAFFLE----==———-=mmmcee e emcmcaccaaaa 18

d. FDAVE=-=m====mmmoe— oo oo m e e 19

L e. FOUL ------------------------------------- 19
n f. ENHI and ENHO---—-~-=--c—e=ecocmmcomancaco 19
: ge ENHF=—mm e e e e 19




sl pngal s o AN il i o -
;
4. Coolant-Related Inputs-==-—-—=cece=- b Dttt 20
?v" a. WBI-—=w-w—ceecmcccec—- ———————— 20
' b. VELBIP--=--~=-meemrrrerrccecac——" ———————— 20
. C. CBI-=====-= e e e c e e 20
C. OUTPUTS==-e-—mme e e e e e e e e e e e n e 20
’ D. USE OF ORCON1 AS A DESIGN TOOL-=~--=-==—=~—co=aa- 22
l. General--------~-ccc-cccrcccrrcm e m e 22
2. Design--=—-rmececcmccc e ccc e e e 22
i 3. Verification-==--=sr—cmeccc e crc e e 23
III. ORCON1 VERIFICATION=-—=~——~—=— oo e e 25
A. GENERAL-----=—====- et 25
B. PROBLEMS IN VERIFICATION-==--===eecceccamcaccnanoo 25
l. General-----=-—cmemcre e 25
2. Problems with Data~======-- e —e e ——————a— 26
. a. Tube-Related Problems---~--—=-————eccacaa- 27
b. Cooling Water Problems-—---=———=-—=c—=eaa- 27
c. Fouling Factor--===--e-cccocccmccmccaa. 27
d. Saturation Temperature==-----—ccecc—ceccoa- 28
- e. Steam Flow--=—-~—~mccmeccmmccccmm e 28
f. Air Flow-e=-—escmm o 28
3. Problems With The Code=====-c-scecmccmcecauaa— 29
a. Tube Pitch-=-=--cermmccrccccrmccc e 29
b. Tube Construction-—=------cccecccceccaacaa- 30
c. Baffles---=--—-mccccmc e 30
d. Single PasS-=-=-=vmcmceccccccmcencnn—e—a 30
Iv. VERIFICATION OF ORCONl1l FOR A SMALL CONDENSER======-==-— 31
A. GENERAL-=====—== e e o e 31
B. CONDENSER AND DATA DESCRIPTION-===—==—c—eo—ecc—cecaao 31
C. RESULTS OF VERIFICATION-=~--===-—e——comoema— e 33
1. Numerical Comparison==-==-==-=—ccecrmcccccacea-" 34
2. Sensitivity of ORCONl~==m—mrecrcccceccccccna- 35
3. Summary--------eeemcecmccccccc e c— e —— e ————— 37
v. IMPROVEMENT OF ORCONl---~- e PP PR P 38
- A. GENERAL=====s oo oo o e e e --38
: B. PRESSURE DROP-===-=ccce e e e e 38
! C. NON-TUBE CONDENSATION-==-===mmeeeccommeccacmeccans 39

D. VAPOR VELOCITY======-mmemcmmcon ———————— e 40




s o B e vk sl AN i -l S T

t
1

L W,

VI. CONCLUSIONS AND RECOMMENDATIONS-- - 41

Sl
i
- —t—

BIBLIOGRAPHY--—=~~~ e ——————————— ———— 66

INITIAL DISTRIBUTION LIST-==-—=—===—me———me——m— e —a—e ————— 67




P 57 e 1 ‘ N -.—ﬂlu lilin e - - - - 3 e

LIST OF TABLES

i DeSigne= == e e e e e e 43 ;
3 ! II. ORCON1 Input and Output for the First Iteration of §
' the Example Condenser DeSign-=~=-==-cececacecaemcaaaao 44 é
- III. ORCON1l Input and Output for the Verification of the 1

Example Condenser------==---c-e——cmccme e c e ————— 45
Iv. Data for Test Runs A.l1l.1 to A.4.1 for the DDG-37
Class Test Condenser----=----—==— o cmececcccccccaeca 46
V. ORCON1 Results for Run A.l.2-===—=ccmccmccmacce e 47
VI. ORCON1 Results for Run A.2.le==—eceecccccccccnomaaanao 48
VII. ORCON1l Results for Run A.4.l-==-—ccccccccncmm e 49
VIII. ORCON1l Results for Run A.l.l====--cecmmccccana e e 50
- IX. Comparison of ORCONl1l Output and Data for Runs A.l.l
to A.4.1 for Heat Load, LMTD, and Pressure Drop--~--- 51
X. Comparison of ORCONl Output to the Test Data for 3

Runs A.l.l1 to A.4.1 for Heat Load, Cooling Water
Temperature and Exit Fraction---——--——ccccmemmccaaa_- 52




AR { ot oiialian

1.
2.
3.
4.

10.

11.

12.

13.

LIST OF FIGURES

ORCON1 Condenser Model--=====m=m——emme e e e e e 53
Flow Chart of the ORCONl Program—-=--—=-——ecemccccacaaao- 54
Flow Chart for the Subroutine SECALC-----=——-—cemmccaaao 55

Dependence of the Heat Transfer Coefficient on the
Tube Cleanliness for Run A.2.l=-==-=—mcccmccmmce—caaa— 56

Dependence of the Exit Fraction on the Tube Cleanliness
fOr Run A.2.l-—-——mm oo e e o 57

Cutaway View of the Main Condenser of the DDG-37 Class
Shipg====emcccmmr e e 58

Effect of the Inlet Steam Temperature on the Heat
Transfer Coefficient for Run A.2.l-~=c-mcmmcemeemeea——- 59

Effect of the Inlet Steam Temperature on the Exit
Fraction for Run A.2.l--==-==--—mmeccecc e e em e 60

Relationship Between the Heat Transfer Coefficient and
the Non-Condensable Gas Flow for Runs A.2.l1 and A.4.11- 61

Relationship Between the Exit Fraction and Non-
Condensable Gas Flow for Runs A.2.l1 and A.4.l---===-—=- 62

Effect of FDAVE on Heat Transfer Coefficient for Runs
A.l.1 to A. 4.l 63

Effect of FDAVE on Exit Fraction for Runs A.l.l1 to

Relationship Between Heat Load and Steam Flow Rate for
Runs A.l.1 to A.4.l-------m-mmmmmr e 65



I. INTRODUCTION

A. OBJECTIVES

The objectives of this thesis are twofold. First, it is
the intention to discuss the use of ORCONl, a computer code
developed by the Oak Ridge National Laboratory for use in con-
denser design. This is done to enable follow-on work to be
more easily accomplished. The second purpose of this paper
is to attempt to determine if ORCON1l provides an accurate rep-
resentation of an actual condenser. This will be accomplished
by comparing the output of the code to data obtained from an
actually existing condenser. A complete discussion of the
factors affecting the output and sensitivities of the program
will be undertaken with the intention of suggesting possible

improvements.

B. SHORT HISTORY OF CONDENSERS

Early steam systems did not have separate condensers.
Probably the first recorded plan for the use of a surface
condenser was proposed by Jean Hautefeuille in 1678.[1]
However, James Watt was the first person to actually build a
surface condenser. He did this in 1765, almost 90 years after
it was first suggested. Some 77 years later, in 1842,
Captain John Ericsson introduced the first surface condenser
with a cooling water pump driven by a separate engine. Between
1895 and 1923, many innovations appeared including development

of internal air coolers, the provisions of steam lanes in tube

10
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banks, addition of separate condensate and air removal pumps,

development of better vacuum pumps, and use of higher water
velocity in the condenser tubes.

From this time on, the major changes in condenser design
included development of different bundle geometries, better
steam distribution, increased use of baffles, use of tube
bundle modules, enhanced tubes and different tube materials.
In spite of all the development which has taken place, con-
denser design appears to be still more of an art than a
science. The Heat Exchange Institute (HEI) Standards for Steam
Surface Condensers, which are widely used as the criteria for
design and specification of surface condensers, uses a square
root of velocity relationship to determine the overall heat
transfer coefficient, U.[2] These standards do not consider
effects of changes in steam distribution, vapor velocity, or
any number of other important considerations. The entire
method is empirical. Using this method, for instance, there
is no way to predict how a change in geometry will affect the
performance of the condenser.

To alleviate this problem and to provide a design tool,

a number of computer codes have been developed. However, most
have been produced by companies and are considered proprietary.
If more efficient and smaller condensers are to be developed,

new and better computer codes must be written.

C. NAVAL CONDENSERS

Steam plants with surface condensers have provided the
means of generating electricity and have been the main source
of power on naval ships for most of this century. They were

11
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reliable and burned a variety of fuels. Recently, however,

steam plants have been replaced by gas turbine engines on
two new classes of naval ships, the DD 963 and the FFG 7
classes. Gas turbines offer a number of advantages. For
example, preliminary estimates [3] for the DD 963 class ships
show that the following advantages should be obtained:

1. Lower life cycle costs than other systems.

2. Low machinery vibration levels resulting in low ship
radiated and self noise levels.

3. Thirty percent less manning in engineering departments.

4. Thirty-three precent decrease in weight to horsepower
ratio.

5. Smaller machinery space requirements.

In addition, the gas turbine engine allows a much faster start-
up and permits more rapid speed changes. In view of the ad-
vantages of gas turbines, an attempt to improve condensers may
seem like a waste of time. However, there are a number of
reasons to continue this work.

1. Steam plants are reliable and relatively simple to
maintain. If they could be made more efficient, their
size might be reduced, making them more attractive.

2. For use in submarines, nuclear steam plants are required
if the submarine is to have submerged speed and endur-
ance. Since it is impractical to carry large quantities
of oxygen, all types of combustion engines are elimin-
ated as the prime mover. Increased condenser efficiency

is particularly important since size is so limited in a

submarine.
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3. In order to be more efficient, many gas turbine plants
have waste heat fecovery systems in which steam is
generated by the turbine exhaust gases. Here again,

a small condenser is needed.

4. Given the instability of oil production, and since all
oil supplies are being rapidly depleted, warships of
the future may need to have a nuclear steam system as
the source of power. With technology that exists now,
nuclear fuel for the foreseeable future can be produced
while alternatives for oil may or may not prove practical.

In this case, condensers again assume importance.

D. BASIC DESCRIPTION OF ORCON1
ORCON1 is a computef code written for the parametric study
. of steam condensers.[4] It was created at the Oak Ridge
National Laboratory for use in desalinization studies. There
are two versions. One version assumes a tube bundle of rec-
tangular cross section. The second is used if the cross section
% is circular. The program takes various condenser input param-
eters such as steam flow, cooling water flow, tube size and

construction and determines operating characteristics such as

log mean temperature difference (LMTD), overall heat transfer

coefficient, U, exit steam fraction and heat removed. In the

next section, ORCON1l will be discussed in greater detail.




ITI. ORCON1

#
M

A. GENERAL OPERATION

a3

k| . 1. Condenser Model

The model used in the circular version of ORCONIl is
seen in Figure 1. It is a one-dimensional model of a condenser
with a bundle of tubes of circular or semicircular cross section
and a central void. For calculation purposes, the bundle is
divided into sectors of 30 degrees each. The following assump-
tions are used in the model:
a. Cooling water flow is in the tubes and makes only
one pass.
. b. The tubes are spaced in an equilateral triangular
pattern. f
c. Steam flow is radial, i.e., one dimensional.
d. Baffle options on the shell side consist of simple
radial baffles at 2,4,8, and 10 o'clock.
e. A central air cooler with steam flow vertically

upward is optional. The cooler, when present is

rectangular in cross section and initially equal

in height to the radius of the condenser. The

cooler calculation is independent of the geometry 1
of the condenser.
Although the model is divided into 12 sectors, only six at most

are calculated. The others, if used, are based on symmetry

;; considerations. For special shapes, any number of sectors may

be calculated.




2. Program Operation

ORCON1 is written in FORTRAN IV and is designed to be

used with the IBM 360 computer. The basic program is on cards

with the inputs being read in from a deck. For this work, the
program was modified so that the CP-CMS system could be used.
The program is composed of seven major subroutines--MAIN, ADJUST,
COOLEX, HETTRN, INPUT, OUTPl, and SECALC, which are described
below.
a. Subroutine MAIN
This subroutine provides the basic control for the

entire code. It calls the other subroutines as necessary to

obtain a final solution. It also calculates the bundle geome-
try, tube length factors and inlet steam factors. Figure 2
provides the basic flow chart.
b. Subroutine INPUT
This subroutine is used to enter the input data.
As stated before, this is normally done with cards.
c. Subroutine SECALC
SECALC calculates all the parameters for each row
including steam flow rates and temperatures. A row in the

ORCON1 model is defined as all the tubes located at a constant

radial position. Hence, a row is normal to the direction of
steam flow.
d. Subroutine COOLEX

This subroutine calculates the cooler parameters.

Subroutine ADJUST
ADJUST compares the exit steam fraction to the

desired value. If it is outside tolerance, ADJUST changes

- 15 )



either steam condenser inlet flow or the tube length and returns

to MAIN.
f. Subroutine HETTRN
HETTRN supplies LMTD and U for a given row of tubes.
g. Subroutine OUTP1
OUTP1l provides the output to the printer.
In order to obtain a feel for how the program works,
a brief description of the solution process follows. It is
not intended to be complete; it is included only so that the
rest of the work may be more easily understood. For a complete
description, see Ref. 4.

Initially, the MAIN program calls INPUT which enters
the data. The inputs will be discussed at length in the next
section. Using the number, spacing, and size of tubes in the
bundle, the number of rows is calculated. Next, the code finds
the number of tubes in a vertical row above the central tube
in each row. This is later used to account for tube condensate
flooding. 1In SECALC, the condenser parameters are calculated.

As can be seen in Figure 3, the condenser performance
is calculated row by row, sector by sector. SECALC calls HETTRN
to determine the overall coefficient of heat transfer for the
row of tubes under consideration. Once all sectors have been
used, pressure drop across each is compared, inlet steam flow

to a sector is altered and the process is repeated until the

pressure drop across sectors is equal. When SECALC is completed,

COOLEX is called and the cooler parameters are calculated in a

manner similar to that for the bundle.

16




XY

pidieics < .St NG o g iRV N a2

At this point, control passes to ADJUST and one of two
things happens: If the exit fraction is within tolerance of
that specified, then the output is printed, or if the exit
fraction is outside the tolerance, then either the steam flow
rate or the tube length is adjusted and control returns to MAIN

for another run.

B. INPUTS

At this point the program inputs will be discussed in con-
siderable detail. This will be done while maintaining emphasis
on problems related to the use of these inputs. The inputs can
be divided into four types. There are program control inputs,
condenser-related inputs, steam-related inputs, and coolant-
related inputs.

1. Program Control Inputs

a. INSTM
INSTM is used as a flag to control program flow
when converging on exit fraction. If INSTM is set at 1,
inlet steam is adjusted; if 0, tube length is changed.
b. ITRAN
This input is used as a flag which, when set,
causes previous outlet coolant temperatures to be used as
input. It is used for multiple pass condensers.
c. OUTPUT
OUTPUT is used to control the amount of output
information provided to the user. The output is printed

either as a summary or as a summary together with a sector-

by-sector listing.
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d. IFLOAT
This input is a flag to provide the option of
either fixed or floating point display.
e. EXITFR
EXITFR is a target value of exit fraction. Exit
fraction is the percentage of inlet steam which is not condensed
by the condenser or cooler sections. If EXITFR is set to 0.0,
the program will make a single pass and produce output without
any adjustment to either tube length or steam flow rate. If
set to any other value, it will cause the iteration to occur
until convergence is obtained.

2. Condenser Related Inputs

a. General
A number of these inputs are obvious, including the
total number of tubes, pitch, diameter of tubes, tube-wall
thickness, thermal conductivity of the tube material, and tube
length. It should be mentioned, however, that the system of
units used for ORCONl is the English System, so that all inputs
must be consistent.
b. HFCDFL
HFCDFL is an input used to indicate symmetry. As
stated before, the code actually calculates only a semi-circular
tube arrangement. If the condenser of interest is circular,
HFCDFL is set to 1 and the program provides the appropriate
output.
c. BAFFLE
This input is used as a flag to indicate simple
condensate baffles at 2 and 4 o'clock (and at 8 and 10 o'clock

if symmetric).

18
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d. FDAVE
In order to correct for condensate rain, a tube
spacing paramter, FDAVE, is used. As the vertical drainage
from one tube to the next increases, in a side-to-side fashion,
FDAVE varies from 0 to 1. A more detailed explanation is given
on page 17 of Ref. 4.
e. FOUL
FOUL is the tube fouling factor. It is related to
the tube cleanliness which is often specified in the literature

by:

1
T

L
dirty Uclean

FOUL =

f. ENHI and ENHO
ENHI and ENHO are internal and external tube en-
hancement factors for heat transfer. For smooth tubes, their
values are set at 1.0. If some type of enhanced heat transfer
surface were used, the values used would be sométhing greater
than 1.0.
g. ENHF
ENHF is a friction factor enhancement for use in
the calculation of the pressure drop. It is set to 1.0 for
tubes with smooth surfaces.

3. Steam Related Inputs

a. WsI

WSI is the total steam flow rate to the condenser.

b. WNCI

This input provides the total noncondensable gas

flow rate.




s " S aloles L ocdgiel oo ET i T R AR T (o RN R EAT RPN L Ko A dag ey a2 . . . AT E - b Ll e ol et
SR LR AR faide. et - AN N " ! . ol cadod iy .

- ke e aithe . . .. . iilive. .. . . ~ ¢ Ve Bl - -
L e s T eareie o e i e e s 2 e ene e . e

T oeer

«

it

c. GAS
GAS is used to indicate the type of anoncondensable
gas in the system. The choices which may be used are air, CO2,
or a mixture.
d. STSAT1
This input is the inlet steam temperature. It is
assumed fo be the temperature corresponding to the saturation
conditions.

4. Coolant-Related Inputs

a. WBI
WBI is the total coolant flow rate to the condenser.
b. VELBIP
This input provides the coolant velocity. Either
WBI or VELBIP must be set to 0.0. The code calculates one
value based on the other one and the tubing size. For example,
if WBI is given a value of 1000, then VELBIP must be set to
0.0, and the program will calculate its value.
c. CBI

CBI is the salinity of the coolant in weight percent.

C. OUTPUTS
Two different options for the output can be selected, either
a summary or a summary plus two pages of detailed results for
each sector. A sample of a summary output is shown in Table 1.
The program generates the following outputs:
1. The heat transfer surface present for both the cooler
and the condenser sections.

2. The inlet and outlet steam velocity.

B 20
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10.

Total heat removed by the system.

The

pressure drop and the temperature drop of the

steam as it moves through the condenser.

The
the
The
and
The
The
and
Two

a.

condenser size, i.e., the bundle diameter and
inside void diameter.

outlet coolant temperatures for both the cooler
the condenser.

coolant and steam flow rates.

condensate flow from the condenser, the cooler
the total.

different LMTDs.

DTCND2, DTCOI2 and DLTOT2 are LMTDs calculated by
using the vapor temperature (inlet), average inlet
and outlet coolant temperatures for the condenser,
the cooler and the total, respectively. This
corresponds to the standard method of calculating
LMTDs.

Back-Calculated LMTDs are determined by dividing
the total heat removed by a row average heat
transfer coefficient and the total area.

types of heat transfer coefficients are found.
UPCOND, UPCOOL, and UPAVG are the heat transfer
coefficients which correspond to DTCND2, DTCOIZ2,
and DLTOT2, respectively.

Area Average U is a row by row average of the heat

transfer coefficient for the condenser, cooler and

the total.




™

c. Although the area average U and its corresponding

LMTD are probably more indicative of actual con-
ditions in the condenser, the rest of this work
will deal with only DLTOT2 and UPAVG. This is
due to the fact that to compare an area average U
to field data is meaningless.

11. Exit Praction is the percentage of the entering steam

which is not condensed by the condenser or cooler.

D. USE OF ORCONl1l AS A DESIGN TOOL
1. General
The ORCON1 code can be used in two different ways. It
can assist in the actual design of a condenser, or it can help
validate an already existing design. These two cases will be
explored in greater detail below.
2. Design
The best way to explain how to use ORCON1l to design
a condenser is by an illustrative example. For this purpose,
it will be assumed that a condenser for a destroyer-size ship

needs to be designed. Basic parameters are as given below:

Steam Flow Rate: 217,000 1b/hr

Approximate Number of Tubes: 4000

Size of the Tubes: 5/8" 0.D., 18BWG
Tube Material: 90-10 CuNi
Approximate Length: 10 £t

At this point some basic design decisions must be made.

Assume a circular cross section is desired with no baffles
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present; unenhanced tubes are to be used, with the tube pitch
set at 1.33 in both the condenser and the air cooler sections.
The cooler is to contain 5% of the total tubes in the unit.
Assume also that preliminary study shows that the expected
steam temperature entering the condenser is 126°F.

Any number of parameters can be varied and the effect
observed. For this case, assume that is is desired to study
the effect cooling water velocity has on the condenser, es-
pecially in regard to tube size. For the first run, let the
cooling water velocity be set at 6.5 ft/sec. Table 1 shows
the inputs to the code for this case. As explained before,
ORCON1 receives these inputs and iterates SECALC to converge
on the required exit fraction, here set to 0.5%. The program
obtains convergence by adjusting the tube length since INSTM
is set to 0. Table 1 also shows the output for the last
iteration and the entire output summary. ALSTI, the final
tube length, is 10.768 ft. Now assume that a larger pump is
to be used, one which delivers cooling water at 8 ft/sec.
Table 2 presents the inputs to and the outputs from ORCON1l
for this case. The new tube length is 9.846 feet. The output
values can be compared to the previous run to obtain the effect
of a velocity change on these quantities, as well as on the
tube length.

3. Verification

Since the condensers used in naval applications are
generally desiyned by industry, perhaps the second method of
employing ORCONl, i.e., design verification, is even more

valuable. Again, the best way to explain this method is with
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an example. The final characteristics of the condenser
designed in Part 2 will be used as the condenser to be veri-
fied. Table 3 shows the input set for the program. Note

that exit fraction is set at 0.0. This will cause the code

to deliver the output after only a single pass and will prevent

steam flow or tube length adjustment. If these inputs deliver
an exit fraction of 0.5%, then the condenser is verified. As

expected, the exit fraction is 0.5%.




III. ORCONl VERIFICATION

A. GENERAL

As has been seen, ORCONl1l can be a valuable tool for use
in condenser design. However, it is just a computer code and
still needs to be verified by comparing its output to data
from operating condensers. If it can be shown to agree closely
with these data, then the code can be used in its present form.
If the code does not generate the same results as the data,
then the program must be critically evaluated. From this
evaluation should come recommendations on methods to modify the
code or to discard it completely. It is this verification and

evaluation which concerns this section of the work.

B. PROBLEMS IN VERIFICATION
1. General

In order to accurately verify ORCON1l, two things must
be done. First, condenser data must be obtained for existing
condensers. Second, these data must be compared to the
program's output when the condenser parameters for that con-
denser serve as the program input. This should be done for
many operating conditions and for many condensers. This is
necessary if complete verification is to be obtained. Some
of the problems encountered in any attempt to verify the
code will not be discussed. The difficulties will be broken
into two categories, i.e., problems with the data and problems

with the code.




2.

Problems with Data

Probably the most difficult task in the verification
of ORCON1l is in obtaining suitable data. There are a number
of reasons for this. The most important cause of the diffi-
culty is the fact that very little condenser data of any kind
exists in the open literature. There is quite a bit concern-
ing single tube condensing units, but little about larger con-
densers. The reason for this is probably twofold. As stated
before, condenser design is a business. The companies which
build condensers take data as is necessary for them to build
and sell the condensers. Very little sets are published.
Also, condensers "always work." They are seldom the critical
component in a system. While exhaustive information on flow,
pressure drops, mechanical losses, efficiencies, etc., of

turbines and reduction gears can be found, few detailed con-

denser results are available. This appears to be due to the
fact that there is much less interest in condensers. This is
not to say that no information on coiidenser performance is
available. Seldom, however, are all the data needed for ORCON1

present and even less often do the data have the required

accuracy. (In the next section, the accuracy of the inputs
will be discussed.)
Probably the best compilation found during this work
was a data set created by the Department of Chemical Engineering
at Lehigh University. The set contained much information in

tabular form, but was lacking any description of the bundle

geometry. However, since a list of reference sources was
included, it is possible that more information on bundle

geometry could be obtained.




The problems encountered in obtaining the individual
inputs will now be discussed.
a. Tube Related Problems
Condenser tube arrangement must be either circular
or semi-circular in order to be used with this code. Many con-
densers are circular but others have various shapes. (Note that
rectangular bundles can be treated by the other version of
ORCON1l.) Some condensers contain tube bundles which can't Be
modeled as either circular or rectangular. Tube materials and
dimensions are needed as inputs for the code. Some data sets,
which might otherwise be usable for ORCON1l verification, do not
contain one of these parameters.
b. Cooling Water Problems
Parameters related to cooling water flow rate or
velocity are often missing from data sets. Either coolant flow
rate or velocity, as well as inlet and outlet temperatures,
are needed for verification. Except for specially instrumented
test condensers, coolant flow is seldom measured. In this
case, flow must either be estimated from the cooling water pump
characteristics or be back calculated from a system heat
balance.
c. Pouling Factor
The fouling factor is almost never included in a
data set. This is not particularly surprising since it is
difficult to obtain. However, it is an important part of the
heat transfer characteristics of the system. Figures 4 and 5
show the effects of varying the cleanliness (which is related

to the fouling factor) from 80 to 97.5%.
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d. Saturation Temperature
As will be seen in the section on sensitivity of

the code to changes in inputs, the code is more sensitive to
changes in Tsat than any other input. The inlet steam satura-
tion temperature is seldom if ever measured. If condenser
pressure is given, then the temperature may be obtained, since
it generally is a saturated system. However, unless specific-
ally stated, the pressure listed may be that at the inlet of
the air ejectors and varies from the'inlet pressure by the
amount of pressure drop across the condenser. For a pressure
drop of 0.4 psia, Tsat can change by more than 15 degrees F.
This means that Tsat at the condenser level can be considerably
higher than the stated pressure would indicate. Also, the
accuracy of the pressure measurement is often suspect. Gener-
ally, the vacuum gages normally installed are not extremely
accurate.

e. Steam Flow

The mass rate of flow of steam is required as an

input to ORCONl. This pérameter is seldom measured directly,
although it can be done easily by measuring the pressure drop
across an appropriately placed venturi. It can also be
determined by weighing the condensate but, for large condensers,
this may be difficult.

f. Air Flow

Normally, for operating condensers, air flow rate

is seldom reported.
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3. Problems with the Code

ORCON1 provides some flexibility in the types of con-
densers it can model. However, as the model diverges from the
actual condenser, the output of the code becomes less accurate.
Some of the inherent restrictions of ORCON1l are presented below.

a. Tube Pitch

Tube Pitch, a factor to which the code is very
sensitive, is restricted in that only one pitch for the con-
denser and one for the cooler can be specified. Since, in
actuality, operating condensers may have several different
sections with different pitches, the program is somewhat
limited.

The pitch has a great influence on the pressure
drop across the tube bundle. As stated before, the code is
very sensitive to changes in steam temperature. Since pressure
drop influences the temperature so greatly, pitch has much
larger effect than would first be expected.

One possible way to allow the program to handle
multiple pitch condensers could be used where the pitch was
strictly a function of bundle radius. 1In this case, the con-
denser may be thought of as being composed by a series of
separate units, each with a different pitch and a large
central void. The input, RADFLG, allows a larger central
void to be created. Solution of the problem could be accom-
plished by inputing the pitch of the outermost section and
setting RADFLG to create a central void as large as the rest
of the condenser. The output of this run would serve as the

input data for the next run which would have the pitch of the




second section and the void adjusted to the size of the re-

maining condenser. This method could be repeated until all

sections and the air cooler had been treated.

b. Tube Construction

The code only allows for one type of tube material

at a time. Many condensers have two types, often one material

for the condenser tubes and another for the cooler tubes. 1If

multiple tube materials were encountered in a single condenser,

the code could not handle them directly. If the materials

used were a function of radius, a method similar to that

Also, it might be possible

described above could be employed.

to use an average value for thermal conductivity if the tubes

were similar.

The tube size is generally constant throughout the

condenser. However, if the tube dimensions were to vary, the

code could not be used directly.

¢ | c. Baffles

As it is presently written, there are effectively

two baffle options. Baffles can be similated at the 2 and 4

o'clock positions or they can be eliminated entirely. Since

many other baffle designs actually exist, the program is limited.

d. Single Pass

ORCON1 is designed to be used as a one pass model

for the cooling water flow. However, a large number of con-

densers are two pass, especially those found in submarines.

If a two pass condenser were to be studied, it might be

reasonable to handle it with ORCON1l in some manner if the

tube layout were simple and well documented.
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IV. VERIFICATION OF ORCONl1l FOR A SMALL CONDENSER

A. GENERAL
?; . This section will present the results of an attempt to
validate ORCONl1l using data from a relatively small condenser,
i.e., under 10,000 square feet of surface area. Included will
be a discussion of the sensitivity of the program to small
changes in input parameters and also the effects of program

modifications.

B. CONDENSER AND DATA DESCRIPTION

1. The condenser used for this verification is one found
on some DDG-37 (formerly DLG-6) class naval ships.[5] This
condenser has approximately 8,800 square feet of condensing
surface, and condenses approximately 270,000 pounds of steam

per hour. General arrangement data is given below.

Total Number of Tubes: 5,230

Effective Tube Length: 10' 3.5"

Tube Size: 5/8" O0.D. by .049" thick
Tube Material: 90-10 CuNi

Total Area: 8,805 sg. ft.

Pitch: 1.40 in the condenser;

f;i ) 1.30 in the cooler

Complete data can be found in Ref. 5. A sketch of one half

- of the tube layout is shown in Figure 6.




This condenser is a single pass, surface condenser, simi-

lar in size to many found on destroyer size combatants. It is

reasons.
i . a.
b.

t C.

d.

a.

a good condenser for ORCON1l verification for the following

It is fairly circular in cross section.

No elaborate baffling is used.

There is only one pitch and one tube material used
in the condenser and in the cooler.'

There is only one bundle.

2. The data used in the verification are found in Ref. 6.
The data were obtained during a.test conducted to determine the
general performance of the DDG-37 class propulsion machinery.
The test took place at the Naval Boiler and Turbine Laboratory
and was conducted primarily to determine the performance of
5 - the turbine and reduction gears. The condenser data were
obtained as a byproduct. The various measurements were obtained

as described below.

Steam flow measurements were made by weighing the
condensate.

Cooling water inlet and outlet temperatures were
measured by two thermometers installed in the
inlet lines and four in the discharge lines.
Circulating water flow was determined from a heat
balance around the condenser, i.e., the total

heat load was divided by the circulating water and
the temperature rise.

Steam temperature was considered at saturation

temperature for the condenser inlet pressure. The
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condenser inlet pressure was determined by using
the average pressure recorded by eight pressure
instruments located eight inches above the con-
denser inlet flange.

e. Non-condensable gas flow was measured by a Fischer
and Porter 0-20 standard cubic feet per minute
inline flowrator.

f. Pressure at the air ejector suction was measured
by a single pressure instrument. This pressure,
along with condenser inlet pressure, determines
the pressure drop across the tube bundle.

The condenser performance data is shown in Table 4.

Only runs A.l.1, A.l1.2, A.2.1, and A.4.1 are considered in
this work. Some of the testing was done during the winter
months which caused inlet cooling water temperatures to be

very low. Turbine exhaust pressure was maintained at the

design level by throttling cooling water outlet. This
resulted in tube velocities which were too low to provide
reliable heat transfer data. Therefore, the winter runs are

not considered.

C. RESULTS OF VERIFICATION

As stated before, four different cases are considered for
this verification. Primarily, the differences in the cases
are changes in the steam flow rates. The steam flow rate
changes from about 22,000 lb/hr. to 160,000 lb/hr. This

represents an equivalent speed change from about 15 to 30 knots,

and the range of conditions provides a good test for the code.




|
|
!
i

The coolant inlet temperaturesalso vary slightly and the flow
velocity ranges from about 4.7 ft/sec to about 8.5 ft/sec.

1. Numerical Comparison

Results for runs A.l.l1, A.l1l.2, A.2.1, and A.4.1 are
shown in Tables 5, 6, 7, and 8, respectively. Tables 9 and 10
provide a comparison of computer generated output and data
from Ref. 6. All the computer outputs vary from the data in
different degrees, but some general observations can be made.

The heat removed as computed by the program is less
than that which was found in the data. Coupled with this and
partly responsible for it, is the fact that ORCONl predicts
that the exit steam fraction is not 0%, but varies from 8% to
20%. Since theactual test was run under steady state conditions,
an exit fraction of this magnitude was obviously not present.

The two different LMTDs calculated by the program both
differ from that of Ref. 6. This is not surprising given that
the heat removed differs in both cases. 1In a similar way, the
heat transfer coefficients calculated by the code are different
from those listed in the data.

The calculated pressure drop across the condenser is
always lower than that actually measured. Since all factors
are interrelated, it is hard to determine responsibility for
the discrepancies. Tables 9 and 10 give the percentage
differences between the computer generated solution and the
observed data. The deviation in many cases is not alarming.
However, as it stands, the differences are of sufficient
magnitude to limit the code's usefulness as a design or veri-

fication tool.




2., Sensitivity of ORCON1

Comparing the various runs of ORCONl1l to each other and
to the data allows investigation of the sensitivity of the
code to changes in inputs. Before any estimation of what can
be done to make the code's output more closely agree with the
actual condenser data can be undertaken, the various sensitivi-
ties of the program must be examined. Four of the more impor-
tant inputs in this respect are discussed below.

a. Probably the input to which the program is most
sensitive is the input steam temperature. Figures 7 and 8 show
the effect that varying the steam temperature has on the heat
transfer coefficient, U, and the exit fraction, respectively.
As can be seen, as Tsat is increased, the exit fraction de-
creases until it becomes effectively 0. For Run A.2.1l, a
change in Tsat of less than 3 degrees results in a greater
than 20% change in the exit fraction. The decrease is almost
linear until the exit fraction becomes less than about 0.8%.
In a similar way, U varies with Tsat. Again, it is linear
until it reaches the temperature at which the exit fraction
became small. There, U drops sharply. This may be due to
the fact that there is little steam to be condensed by the
cooler, and hence, 1itt1e'heat is transferred. Since the
cooler is about 7% of the total condenser, this brings the
overall U down.

b. The cleanliness of the tubes does have some
effect on the output of ORCONl. Figures 4 and 5 show the
effect of allowing the cleanliness to vary from 80 to 95.5%.

The change in heat transfer coefficient is almost linear.
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This is to be expected if the basic concept of cleanliness

is considered. In Figure 5, the relationship between exit
fraction and cleanliness indicates that cleanliness strongly
affects the exit fraction. This again is not surprising;
however, the magnitude of the effect is greater than might
be anticipated. For this case, changing the cleanliness from
85% to 95% changes the exit fraction from about 22% to 14%.
This is especially significant since the actual cleanliness
is not known, except that it is probably to be found in this
range.

c. Another factor which affects the computer output
is the amount of air in the condenser. Figures 9 and 10
display what happens in the non-condensable gas flow rate
changes from 0 lb/hr to twice that reported in the data. For
this range of gas flow, there is no significant change in
either U or exit fraction.

d. FDAVE, the tube flooding factor is used to account
for the effect of condensate dripping from tube to tube.
FDAVE is supposed to be varied from 0 to 1 with decreasing
pitch. Figures 11 and 12 show the effect changing FDAVE has
on exit fraction and heat transfer coefficient. Ref. 4 indi-
cates that, for the given tube pitch, FDAVE should be on the
other of 0.6. However, as is indicated, a value of 1 gives
slightly better results. FDAVE was set equal to 1 in all
previously discussed runs.

As can be seen from the above discussion, the tempera-
ture of the steam is the most important parameter in affecting

the computer output. This is true not only in considering the
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initial temperature, but also as the steam flows through the
condenser. Any factor which affects the temperature change
can also have a large effect on the output. A good example
of this is the pressure drop which was discussed previously.
The code is sensitive to factors other than those listed above;
however, those discussed are the most important. This impor-
tance is due not only to the program's sensitivity to them,
but to the fact that those inputs are; in general, known with
the least accuracy.
3. Summary

a. The code provides a fair representation of the
condenser studied. It works best when steaming rates are low.

b. There are uncertainties in the inputs which affect
the output accuracy. Cleanliness is the input which is known

with the least certainty.
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V. IMPROVEMENT OF ORCON1

A. GENERAL

As shown in the previous section, output generated by
ORCON1 does not agree exactly with data for the case studied.
If better correlations are to be obtained, either the code
must be modified, or more precise data obtained. This

section will discuss ways to improve the code.

B. PRESSURE DROP

As stated before, steam temperature is extremely important
and is directly tied to saturation pressure. For this verifi-
cation Tsat was obtained from the pressure just above the inlet
flange of the condenser. The code uses this temperature as if
it were the temperature of the steam just before it arrives at
the first row of tubes. The code does not consider the pressure
drop between the inlet flange and the tubes, even though this
drop may be significant. A correction could be made to account
for this drop. The change would probably be made to MAIN sub-
routine so that PMIX1l passed to SECALC reflects this pressure
drop. Two new inputs wouid be required; one to indicate the
inlet flange size and another to indicate any baffling in this
area. Actual data regarding this pressure drop would be
helpful, but the change could probably be made using only
theoretical principles.

The pressure drop generated by the computer varies signifi-

cantly from that measured in the data. This may be due in
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large part to the problem addressed above. The pressure drop

actually measured in the condenser was from the flange to the
air ejector inlet. The pressure drop generated by the program 1
was only that found across the bundle itself. If it were
assumed that the pressure drop from the-inlet flange to the
tubes was on the order of .1 psia, the generated pressure drop

would agree closely with the data.

C. NON-TUBE CONDENSATION

As stated before, the coi ienser simulated during these
tests was operating at steady state so that a 10% exit fraction
is impossible. However, ORCON1l provides the exit fraction
generated using only the tubes to condense tﬁe steam. 1In
reality, this is not what happens, and some steam is condensed
by contact with other parts of the condenser. It is doubtful

that this amounts to anything near 10%, but it is something to

be considered.

Probably a more important factor in this same area is the
steam condensed by subcooled liquid. As the condensate moves
toward the hotwell, it contacts steam and condenses some of

it. It is difficult to estimate what percentage of the steam

is condensed in this manner, but it may be significant.

A simple way to improve the code would be to create a

numerical factor based on the percentage of steam not condensed

on the tubes. It would range from 0 to 1. This factor would

be used to correct the existing value of heat load. By cor-

f recting heat load, the value of LMTD would also be changed.




D. VAPOR VELOCITY

One way in which the code can be improved lies in the
area of velocity-induced vapor shear. Vapor velocity has
the tendency to strip condensate from the tubes which in-
creases the heat transfer coefficient, U, and lowers the
exit fraction.
; In order to investigate this effect, a correction was
made to the HETTRN subroutine to include vapor shear effects.
The correction is based on the work by Fujii, Honda, and Oda,
as seen in Ref. 7. Thiscorrection changes the heat transfer
coefficient on the outside of the tubes to reflect the fact
that vapor velocity modifies the amount and distribution of
the condensate. The change in this heat transfer coefficient
causes the overall U to increase. Tables 9 and 10 show the
effect this correction has on the ORCONl1l output. As expected,
the overall heat transfer coefficient calculated by the code
increased with the correction. 1In all cases, U agrees more
closely with the data, as does the corrected value of heat
; load. Figure 13 displays the heat load vs. steam flow for

the four runs with and without the vapor velocity correction

present. Also plotted is the heat load obtained from the

i data set. It éan be easily seen that the computer results with
] the vapor velocity correction more closely follow the data at

| ] higher flow rates. This is as expected, since as the steam

flow rate increases, the vapor velocity increases and the

correction has a greater effect.




VI. CONCLUSIONS AND RECOMMENDATIONS

A. ORCON1l can be used as both a design tool and as a means of
verifying an existing condenser design. The code can be used
for different geometries, but has the limitations previously
discussed. These include the inability to be used with odd
shaped tube bundles, non-radial baffles, and variations in
tube size and pitch.
B. ORCONl is based on well established heat transfer and fluid
flow concepts. However, changes like that made to include
vapor velocity considerations can be used to improve the
accuracy of the code.
C. Even though ORCONl is not 100% accurate, it has value in
evaluating the effects that design changes have on a condenser.
Even though the code may report a heat load which is 10% too
low, a feel for the magnitude of variations may be obtained.
For example, assume the code is run twice, once with CuNi
tubes and once with titanium tubes. Even though both results
may be accurate to 10%, an idea of the effect caused by
changing the tube material has been obtained.
D. ORCONl is more sensitive to changes in some inputs than
others. The inputs to which thecode is most sensitive are:

l. Steam temperature

2. Tube cleanliness

3. FDAVE

4. Non-condensable gas flow rate
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E.

The following recommendations are made:

1.

3.

More work should be done in verification of ORCON1
including the use of different size condensers as
the model.

Since good data is difficult to obtain, it would be
extremely helpful to be able to gather data from a
test condenser. If a test condenser were available,
it would be beneficial to place the emphasis in data
collection on the following parameters:

a. Inlet steam temperature

b. Steam flow rate

c. Cooling water flow rate

d. Cleanliness

e. Air ejector inlet pressure

Measurementsshould be taken with laboratory type

instruments rather than commercial ones, if possible.
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Figure 1. ORCON1l Condenser Model
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Figure 2. Flow Chart of the ORCONl1 Program [4]
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